Seismic spectral attributes of apparent attenuation, as explained in the first part of this paper, measures the spectral changes of seismic signals due to absorption and scattering, which can provide quantitative measures of the seismic apparent attenuation effect. Seismic attenuation is sensitive to hydrocarbon accumulation, fluid-saturated fractures, and rugosity. Even in the absence of noise, the constant Q model and the spectral ratio techniques may provide poor estimates of the spectral response, particularly when geometric attenuation plays an important role. Here, we evaluate alternative seismic attenuation measurements (attributes) to characterize the apparent attenuation on field data. The results show the proposed attributes are valuable for seismic interpretation and provide important information about the reservoirs.
Introduction
Seismic attenuation in many rocks is proportional to frequency, the higher-frequency components of an incident seismic wave being more attenuated than the lowerfrequency ones as a wave propagates. Attenuation of seismic signal is usually characterized in the frequency domain using two approaches: one is to directly estimate the quality factor Q, the other is to qualitatively characterize attenuation by means of frequency attributes. The classical method for estimating the quality factor is to use spectral ratios (Hauge, 1981) . Quan and Harris (1997) presented an alternative method for estimating seismic attenuation based on the central frequency shift (CFS) of the spectrum. In both of these methods, time-frequency (spectral) decomposition provides the input data (Li and Zheng, 2007; Lu and Li, 2013) . We summarize a more complete suite of attenuation attributes in Part 1 of this paper. In this paper we show how different measures are appropriate for a conventional porous sand reservoir dominated by intrinsic attenuation and for an unconventional reservoir where the data have been acquired after hydrualic fracturing dominated by geometric attenuation.
For hydrocarbon detection, seismic attenuation is a powerful attribute that can indicate lithology, pore structure, fractures, and fluid content (Klimentos, 1995) , where attenuation may be an order of magnitude more sensitive to changes in saturation or pore pressure than velocity. Castanga et al. (2003) and others provide case studies indicating that the presence of known overlying hydrocarbons gives rise to deeper low-frequency "shadows".
For resource plays, if attenuation arises from intercrack flows, i.e., between parallel fractures that are aligned flow conduits, then attenuation anisotropy may be related to the anisotropy of horizontal permeability (Lynn, 2004a) . And, Lynn (2004b) hypothesized that one can estimate open fractures by measuring Q (1/attenuation). Marfurt (2014) also pointed out that more robust measures of attenuation that represent both scattering and absorption are highly needed.
In this paper, we apply seven seismic attenuation attributes: energy reduction on high frequencies and full bands, spectral bandwidth, skewness, kurtosis, spectral slopes of low and high frequencies, on two types of gas reservoirs: a conventional porous sand reservoir and an unconventiona hydraulically-fractured shale reservoir. In the applications, we have done some simple transform to normalize attribute values and make them have a positive correlation with seismic attenuation. Using the attribute values measuring the relative apparent attenuation changes, we obtain better understandings of both reservoirs. Ideally, these field data examples will show that our proposed attributes can be ruseful not only in reservoir characterization but also in the improved design of completion processes.
Hydrocarbon Detection
Figure 1: The gas reservoir distribution, lithology and well logs (e.g. GR, RT, AC and DEN) through three joint wells. The red ovals denote the comparing zones under target layer L2.
Until recently, hydrocarbon detection has been the main application of attenuation estimation methods. In order to test validity of our method, we applied the proposed seismic attenuation attributes to a 3D land survey acquired in western China, showing the value in detecting a conventional gas reservoir. Figure 1 shows the well data and gas reservoir distribution, lithology and well logs (e.g. GR, RT, AC and DEN) through three joint wells. The sandstone reservoir is gas-charged in the area highlighted in orange within formation L2 at Wells A and B, while there is no oil or gas response at well C. So, Wells A and B are productive wells, while Well C is nonproductive. The information from the well logs is used to provide guidance in discriminating the lithological boundaries and indicating the presence of gas in the reservoir. Figure 2a shows a vertical amplitude slice connecting the three wells. We apply CFS method to measure attenuation (1/Q) together with our proposed attenuation attributes along the target layer L2. The light blue curve in Figure 2b indicates strong attenuation at the locations of productive wells A and B, which implies strong absorption or attenuation in the gas-bearing sandstone. No such anomaly occurs about the nonproductive Well C. However, we can also find some unphysical peaks on this curve, which shows the attenuation estimation can be affected by some issues and become unreliable. Figure 2b and 2c display the attenuation attribute results. All the attributes have a peak value at the location of Well B; Some attributes have a relative high value at the location of Well A; The values at the location of Well C are average or below average. From these observations, we can infer that Well B is a highly productive well, Well A is probably a productive well, while Well C should not be productive, which has a good correspondence with the well logging. In addition, note that the proposed attributes successfully distinguish the two close wells: productive Well B and dryhole Well C.
Although there should be one for every dataset, it is not easy to pick the best seismic attenuation attribute, because there are both reasonable and unsound values on the results by any method, and vice versa. The purpose of so many kinds of seismic attenuation attributes is not puzzling the interpreters, but provide additional valuable information assisting for interpretation. The Barnett Shale is a very important unconventional shale gas system in the Fort Worth Basin (FWB), Texas where it serves as a source rock, seal, and trap (Perez, 2009). Completion is often more expensive than drilling the horizontal well. For this reason, many operators use image logs, production logs, chemical traces, and microseismic monitoring to monitor the effectiveness of a given completion process. The survey shown in Figure 3 was aquired after hydraulic fracturing using about 200 vertical and 200 horizontal wells (Thompson, 2010) . No survey was acquired before the wells were drilled. By design, hydraullically induced fractures should have considerable gas charge. Such fractures in no way approximate the spherical pore geometry used in defining the constant Q attenuation model. In the survey area, the relatively brittle Barnett Shale reservoir falls between the more ductile Marble Falls and Viola Limestones which form the frac barriers. A thin Forestburg Limestone separates the reservoir into Upper Barnett and Lower Barnett sections. The Viola and Forestburg formations are not producible and provide barriers to fault and fracture growth. Figure 3 shows the seismic data with the interpreted Upper Barnett shale and Lower Barnett shale, and the time structure of Lower Barnett shale. Figures 4 shows the curvature attributes of Lower Barnett shale. Curvature maps paleo deformation and in this survey the ridges form fracture barriers, with most microseismic events occurring within structural bowls (Perez and Marfurt, 2014) . Because the fracture scale is below the seismic resolution, curvature does not "see" any small scale fractures, it does measure strain, which is a component of natural fracture formation and thus zones of weakness and/or strength for subsequent stimulation. So, we can only infer the potential fracture densities, which should be larger along the natural faults and smaller at others positions.
Fracture Density Evaluation
We applied CFS method to estimate apparent attenuation values (1/Q), shown in Figure 5(a) . This result has high correspondence with attributes in Figure 4 and the productive well locations. Almost all the well locations show high attenuation. What's more, we also find a good visual correlation with high attenuation (in red) and both production (Thompson, 2010) and TOC prediction (Verma et al., 2012) . Note that there is "negative" attenuation shown in blue. Such attenuation would be unphysical for the classic constant Q model based on squirt through pore throats or dislocations. However, the "attenuation" mapped here is due to increased scattering due to new, gas filled fractures. Like work in Canadian shales reported by Cho et al. (2013) using a careful time-lapse surveys, we note strong spikes in the spectra which they attributed to the addition of discrete gas-filled fractures.
From Figure 5b to 5h, seismic attenuation attributes are displayed. Though they seem to be different from each other, we are glad to observe that almost all the productive wells are located at the high attenuation areas. But, some high attenuation areas don't satisfy the observations from Figure 4 . In addition, Verma et al. (2012) predicted the high TOC appears at the central and upper right parts of the survey. Some attributes correspond with both of the areas, such as energy reduction attributes ( Figure 5b and 5c) ; Some attributes correspond with only one, such as spectral bandwidth (Figure 5f ) and spectral slope of low frequencies ( Figure 5g) ; While, spectral slope of high frequencies fails on both areas. Because of the layering structure, unconventional reservoirs have seismic impedance anormalies (Li et al., 2015) , which distort the reflected spectra and result in unstable spectral analysis.
Discussion
Barnes (2007) warned that after many years of attribute development many attributes are redundant, and some are even useless. We have introduced an evaluated a suite of attenuation attributes, all of which are based on input spectral decomposition volumes. For conventional porous gas reservoir analyzed, the classic Q model works quite well, with the CFS algorithm providing a good descrimination between the presence and absence of gas. In contrast, the assumptions of the classic Q model are radically violated as a model for induced, gas-filled fractures of the Barnett Shale. For this situation, Q becomes an attribute, and is no longer a rock property. However, correlation with production and microseismic measures of fractured rock indicates that it may become a value tool in estimating reservoir completion. 
Conclusions
After developing a package of seismic attenuation attributes, we apply them to field data to detect hydrocarbon and evaluate fracture system. Almost all of attributes have good correspondences with guided well data. Thus they are useful and promising for seismic interpreation. However, because different attributes measures different spectral changes, they demonstrate different aspects of seismic apparent attenuation. According to the application situations, we should adopt suitable attributes. In future, multiattrbute clusters and statistical analysis tools will be really helpful for choosing the most appropriate attribute or producing the combination of seismic attributes.
